It has bccn demonstrated that the following changes accompany differentiation in the plastid of the liverwort Anthoceros eckloni. The inner membrane of the plastid folds to give rise to small vesicles which grow and may fuse to form thylakoids, i.e. flat bags. The thylakoids may "pair" to produce the doublets (thick membranes) of the grana. The doublets may be produced also by the invagination of a thylakoid. In both cases, the doublets are produced only where outside-to-outside contact of thylakoid membranes occurs, which supports the thesis that the thylakoid mcmbrancs are polarized. The thylakoids also fold outwards, anastomose, and may fuse. This rcsults in a complicated membrane system, for which an interpretation becomes very difficult. The starch is produced in the matrix, and the pyrenoid bodics are intcrprctcd as specialized regions of the matrix. Younger plastids have grana, but the mature plastid has so many doublets that distinct grana cannot be recognized. This interpretation of the changes which occur during the differentiation of the plastic[ differs radically from those of Menkc (1961) and Manton (1962) who studied this same genus, but is compatible with findings in algae and angiosperms.
It is almost generally agreed that the complicated membrane system of chloroplasts consists of a series of double membranes, each double membrane forming a closed "bag." These "bags" have also been called "thylakoids," "discs," or "flat vesicles" by different authors. The term thylakoid, coined by Menke, will be used here. Manton (1962) does not agree that thylakoids are present in the chloroplasts of Anthoceros, and she interprets the membrane structure of the chloroplasts as manifestations of a single membrane.
If thylakoids are present, it will be useful, for greater clarity, to refer to the "outside" and the "inside" of the thylakoid membrane. Even if the membrane is not polarized, this designation will help to describe the topography of structures within the chloroplast. The thylakoids occur within the matrix of the chloroplast, so that the "outside" of the membranes is in contact with the matrix. The term matrix is used to designate that part of the stroma which is free of lamellae.
It is generally accepted that starch is formed in the matrix (cf. Menke, 1962) and not in the thylakoids, and that thylakoids may come into close contact, so forming the "thick membranes" of the grana. These thick membranes, called "doublets" by Manton, are double membranes, in contact outside-to-outside. The possibility that thylakoids may invaginate was demonstrated by Menke (1960) in Oenothera, and he suggested that this process, if continued so that the invagination reaches and fuses with the opposite side of the thylakoid, will result in the division of the thylabid.
The chloroplast of Anthoceros has recently been studied by Menke (1961) and Manton (1962) . Menke (1962) 4 Plastid in epidermal cell, 28 cells from the base of the meristem, and, therefore, more differentiated than the plastid illustrated in Fig. 3 . Note the outfolding and anastomosing of the thylakoids indicated by arrows. Areas labeled M 1 are vesicle-like, enclosed regions of the matrix; appearance of these areas is identical to that of the matrix (M).
Fixation in 1.5 per cent KMnO4 for l hour. Embedded in methacrylate. )< 60,000.
may, therefore, also involve a change in polarity of the plastid membrane.
(c) If thylakoids are present, and if they were misinterpreted by Menke (1961 Menke ( , 1962 , his de-FIGURES 5 AND 6 Plastid irt epidermal cell in consecutive sections. In Fig. 5 , arrow points to a thylakoid in which two invaginations have almost reached the end of the thylakoid. In Fig. 6 , the arrow points to the same region, which now appears different. The suggested interpretation is that the different appearance in Fig. 6 is due to a fusion of the lower invagination with the end of the thylakoid, the other invagination shows perhaps incomplete fusion.
Fixation in 1.5 KMnO4 for 1 hour. Embedded in epoxy resin. X 60,000.
scription of the developmental stages will have to be revised. "Ausstiilpungen" of thylakoids may then prove to be invaginations, etc.
(d) Are doublets formed by an inside-to-inside contact of thylakoid membranes (Menke, 1961 (Menke, , 1962 , or by outside-to-outside association, which is normally the case?
(e) Are grana present in the chloroplasts of Anthoceros (Menke, 1961) , or are there no grana (Kaja, 1957) ?
Anthoceros eckloni plants were collected in their natural habitat and fixed as soon as possible. KMnO4 fixation at room temperature (between 1.5 per cent and 3 per cent for 30 to 60 minutes) was followed by embedding in methacrylate or epoxy resin. Methacrylate embedding, even after very careful prepolymerization by either heat or ultraviolet irradiation, often resulted in bad polymerization damage. When a short fixation (5 minutes) with 1.5 per cent KMnO4 at room temperature was followed by postfixation in osmium tetroxide, the tissue was less susceptible to damage. The epoxy resin embedding gave practically no polymerization damage but the blocks were difficult to cut and chatter occurred very commonly.
The microscope 1 used was a Siemens Elmiskop normally operated at 80 kv.
I N T E R P R E T A T I O N O F M I C R O G R A P H S
In Anthoceros eckloni there is only one plastid per cell in the mature sporophyte. Plastids arise only by division of pre-existing plastids. This division of the plastid may take place at a stage when there is already a complicated system of membranes within the plastid. The nucleus is always close to the plastid.
Figs. 12 a to f summarize the developmental changes in the plastid of Anthoceros eckloni as interpreted by the present author. Fig. 12 a represents the most undifferentiated plastids that have been found in rapidly growing sporophytes. T h e inner m e m b r a n e of the plastid invaginates, and it is suggested that these projections become detached from the plastid membrane to form small vesicles (thylakoids). ~ plastid. At places these small thylakoids occur in groups, giving the impression that they may fuse, so producing larger thylakoids. In this micrograph the nucleus can be seen to the left, and the plastid at this stage is in intimate contact with the nucleus, at places only the plastid membrane separating the two structures. This has been observed in several cases, and one wonders whether there is any physiological importance to this phenomenon. Fig. 2 represents a plastid only slightly older than the one illustrated in Fig. I . Invaginations of the inner plastid membrane can still be seen, but there are more thylakoids, and the flattened thylakoids become arranged parallel to the surface of the plastid. In less actively growing sporophytes this is indeed the most undifferentiated plastid that can be found.
The following processes now soon follow (illustrated in Fig. 12 b) . Thylakoids come into close contact, forming doublets where outside-to-outside contact takes place. This is clearly illustrated in Fig. 3 , where the doublets (D) are labeled. The thylakoids (Th) are now flat bags, and the smaller vesicles are practically absent. The thylakoids now also fold outwards, as illustrated to the left in Fig.  12 b and Fig. 4 . The latter micrograph proved to be the key to the understanding of the membrane system of the chloroplast of Anthoceros. It is suggested that the outfoldings of the thylakoids anastomose with other thylakoids or with outfoldings of the same thylakoid. As a result, the anastomosing thylakoid system partly encloses matrix regions, which in section now may appear like vesicles. The areas labeled M 1 in Fig. 4 appear to be vesicles with limiting single membranes. Groups of such "vesicles" can be seen in Fig. 9 . The areas labeled M 1 in Fig. 4 appear to have the same structure as the matrix (a finely granular background with isolated, larger, darker granules). There can be no doubt that these areas are partly or completely included by an anastomosing thylakoid, and represent part of the matrix.
Where two thylakoids have paired, a thinthick-thin distribution of membranes can be seen, the thick membrane representing a doublet (see Fig. 7 ). The arrow in this micrograph points to a place of contact between the membranes of the two thylakoids. If fusion takes place here, and if this process is repeated involving the same membranes, a further vesicle-like matrix area will be partly enclosed by a thylakoid membrane. There is no direct evidence that this process does take place, but it is a further complication which should not be ignored. These processes could lead to a stage as illustrated in Fig. 12 c. The doublets produced by pairing of thylakoids cannot terminate within a thylakoid, nor will such a doublet end as illustrated in Figs. 5 and 10 (indicated by arrows). Such endings always occur within thylakoids. This seems to be sufficient evidence to explain such doublet formation as infolding (or invagination) of the thylakoid membrane. This process is illustrated in Fig. 12 d. Whether the doublet is produced by pairing of thylakoids or by invagination, it always forms as a result of outside-to-outside contact of thylakoid membranes. Fig. 10 is a micrograph of a chloroplast which is characterized by stacking of doublets to form grana or granum-like areas. The thylakoids are by now so extensive and anastomosed that it is impossible to state which process (pairing of thylakoids or invagination) is the main doubletforming one.
Some changes that may take place as a result of growth are practically impossible to establish by studying micrographs. It is almost impossible to determine whether an invagination can reach the other end of the thylakoid and fuse with it and, in so doing, divide it into two, but this process is suggested in the interpretation of the following micrographs.
Figs. 5 and 6 are of serial sections. When the two micrographs are compared, one can see the ends of two invaginations in a thylakoid in Fig.  5 , and what appears to be three different thylakoids in Fig. 6 . This illustrates the extreme care that should be taken in the interpretation of these micrographs. A possible explanation is that the invaginations have grown from the left and that the lower invagination has reached, and fused with, the opposite side of the thylakoid, in the region from which Fig. 6 was prepared, but not as yet in the region above, which is represented in Fig. 5 . The other invagination is interpreted as being in the process of fusing. This is, perhaps, the closest one can get with these techniques to illustrate that invaginations can fuse with the opposite side of a thylakoid, to give rise eventually to an increase in the number of thylakoids.
The over-all thickness of the doublets is 145 A, more or less. In older plastids (Fig. 8 ) the doublet appears to have a dark line in the middle separ-ating the two lighter regions from each other, each about 50 A in thickness.
In Figs. 12 d t o f the origin of the pyrenoid and position of the starch grains are illustrated, while invagination of thylakoids continues, and one thylakoid has become divided by an invagination. The matrix is stippled; areas of the matrix become specialized (indicated by denser stippling), and the starch grains appear in the matrix, in contact with a pyrenoid body. In Fig. l l the contact between a starch grain and pyrenoid body is indicated by an arrow. It seems unlikey that starch is formed only in association with pyrenoid bodies, because starch is formed at an earlier stage before pyrenoid bodies are present (see Fig. 9 ). From this micrograph it is also clear that the starch is produced in the matrix.
In Fig. 12 f it can be seen that the pyrenoid body and starch grains appear as though they occur within a thylakoid. The fully mature plastid is not illustrated, but it is characterized by numerous starch grains, pyrenoid bodies, the almost complete absence of the vesicle-like matrix regions, and an increase in the extent of doublets, with the result that to recognize different grana becomes impossible. What has become of the vesicle-like matrix regions? It is suggested that owing to starch formation and an increase in the number of lamellae, they have become flattened and, in doing so, have formed doublets (see area M 1, Fig. 12 f) .
D I S C U S S I O N
Recent reviews have appeared on chloroplast structure and development (Menke, 1962, and Wolken, 1959) , and, therefore, reference will be made only to publications that have a direct bearing on the present work.
There are indications tha:, in higher plants, plastids may arise de novo (Badenhuizen, 1962 b, and Mtihlethaler and Frey-Wyssling, 1959).
In Anthoceros, this does not occur; the plastids arise only by fission of pre-existing plastids in the sporogonium. ~[he present work indicates the presence of closed membrane systems (thylakoids) within the chloroplast of Anthoceros, and Manton's (1962) claim that the concept of thylakoids is incompatible with findings in this plant cannot be supported. Manton (1962) refers to a single membrane which folds to form clefts and doublets, but, as she discards the concept of ~hylakoids, it is impossible to distinguish the matrix from areas within thylakoids, or to refer to the "inside" or "outside" of the membrane.
If the matrix areas (M 1) are misinterpreted as thylakoids (and this can easily happen since they appear to be included by a single membrane), then it would appear as if " a reversal of morphological relationships has resulted here" (Menke, 1962) . It is suggested that Menke (1961 Menke ( , 1962 misinterpreted these structures as thylakoids, which can very easily happen if early stages were not available. Menke (1961) in his Fig. 4 , shows a thylakoid with a number of outgrowths marked by arrows. It is reproduced here, in Fig. 12 g, to enable comparisons to be made between his interpretation and the one given here. If it is borne in mind that thylakoids may invaginate (as demonstrated by Menke (1960) in Oenothera, FIGURE 7 Plastid in cell above meristem. Typical thin-thick-thin distribution of membranes can be seen, due to pairing of thylakoids or formation of invaginations. The arrow indicates very close contact between two outfoldings of opposite thylakoids. Fixation in 1 per cent KMnO4 for 5 minutes, followed by post-fixation in OsO4 for 1 hour. Embedded in methacrylate. X 60,000. FIGURE 8 Granum-like region of almost mature plastid. The doublets have a dark part in the middle and two less dense regions at the sides. Doublet is 145 A wide more or less, and the less dense part is 50 A, more or less. Fixation in 1.5 per cent KMnO4 for 1 hour. Epoxy resin embedding. )< 140,000. If doublets are produced by invagination and by pairing of thylakoids, they are formed only where an outside-to-outside contact of thylakoid membranes takes place, and not by an inside-toinside association as claimed by Menke (1961) .
This brings the results of Anthoceros in agreement with those of other plants, and this feature points to the probability that the thylakoid membranes are polarized, and that this polarity determines how doublets are produced.
Starch occurs in the thylakoids, according to Menke (1961) . If Menke has made a misinterpretation of thylakoids, it would follow that the site of starch grains will also be misinterpreted. From the present study it would appear that starch is produced in the matrix at a time when the latter is clearly recognizable. That the structures, which are called starch grains by Menke (1961) , are not produced within thylakoids can be seen even in his own micrographs. In his Fig.  2 the structure labeled starch grain, at the bottom of the micrograph, is next to the plastid membrane (without an intervening membrane) and is thus in the matrix, and not in a thylakoid as claimed by Menke. But these bodies are dark and granular, FIGUR~ 1~ b Pairing of thylakoids takes place to form doublets (D), cf. Fig. 3 ; thylakoids fold outwards (E), cf. Fig. 4 , and at places the outfoldings come into contact with similar outfoldings of other thylakoids (cf. Fig. 7 ).
FIGURE 12 e Outfoldings of thylakoids have anastomosed (with others of the same or different thylakoids) to partly (or perhaps completely) enclose matrix areas (Mr). Such included matrix areas can be seen in Figs. 9 to 11.
FtGUUE 12 d Invagination of plastid membrane continues for some time (cf. Fig. 9 ).
Thylakoids invaginate (I) (tips of invaginations seen in Figs. 5 and 10). Regions of matrix become more specialized or more condensed, indicated by denser stippling. Doublets have been produced by pairing and by invagination (Dp and Di, respectively). FIGURE 1~ e Invaginations continue to grow deeper into thylakoids (cf. Fig. 10 ), and starch is formed in the matrix, indicated here next to pyrenoid body (P), as seen in Fig. 11 . FmunE 1~ f Invagination in thylakoid at the top has almost reached the opposite side of thylakoid; the thylakoid next to this one has been divided into two (a, b) by fusion of the invagination with the opposite side of the thylakoid (cf. Fig. 5 and 6 ). The vesicle-like matrix regions become flattened (Mr). and look like the pyrenoid bodies reported here, as well as by him, and not like starch (see, e.g., Badenhuizen (1962 a) and Manton (1962) ). It can be seen from the present study that starch is formed in the matrix, that it may be present before pyrenoid bodies are present, and that when pyrenoid bodies are present they may show close contact with starch grains. The writer, therefore, considers that the pyrenoid bodies are specialized (or condensed) parts of the matrix which, among others, contain the enzymes that are necessary for starch formation, and that these enzymes are present in the matrix before pyrenoids are formed. This substantiates the idea put forward by Gibbs (1960) that the pyrenoids should be considered as specialized regions of the matrix. It is possible, of course, that thylakoids may cross or enter the pyrenoids. Gibbs (1960) illustrated that this interpretation can be put forward for the pyrenoids of all algae investigated, Menke (1961) reported that grana were present in Anthoceros, whereas Kaja (1959) reported the absence of grana. This does not indicate specific or environmental differences, Grana are present in plastids which are not fully differentiated, but extension of the doublets makes it impossible to distinguish distinct grana in mature plastids.
L I T E R A T U R E C I T E D

